The diagnosis of chronic Chagas' disease is generally made by detecting antibodies to Trypanosoma cruzi. Most conventional serological tests are based on lysates of whole parasites or semipurified antigen fractions from T. cruzi epimastigotes grown in culture. The occurrence of inconclusive and false-positive results has been a persistent problem with the conventional assays, and there is no universally accepted gold standard for confirmation of positive test results. We describe here an immunoblot assay for detecting antibodies to T. cruzi in which four chimeric recombinant antigens (rAgs), designated FP3, FP6, FP10, and TcF, are used as target antigens. Each of these rAgs is composed of several antigenically distinct regions and includes repetitive as well as nonrepetitive sequences. Each rAg is coated as a discrete line on a nitrocellulose strip. Assay sensitivity was assessed by testing 345 specimens known to be positive for antibodies to T. cruzi. All 345 of these samples showed two to four reactive test bands in addition to the three on-board control bands that are on each strip. Assay specificity was determined by testing 500 specimens from random U.S. blood donors, all of which gave negative results. Based on the results obtained in this study, we propose the following scheme for interpretation of test results: (i) no bands or a single test band ‫؍‬ a negative result; (ii) two or more test bands with at least one band showing intensity of 1؉ or higher ‫؍‬ a positive result; and (iii) multiple faint test bands (؎) ‫؍‬ indeterminate result. Based on this scheme, the prototype immunoblot assay showed sensitivity of 100% (n ‫؍‬ 345) and specificity of 100% (n ‫؍‬ 500). Additionally, all 269 potentially cross-reacting and T. cruzi antibodynegative specimens tested negative in our immunoblot assay. The rAg-based immunoblot assay has potential as a supplemental test for confirming the presence of antibodies to T. cruzi in blood specimens and for identifying false-positive results obtained with other assays.
Trypanosoma cruzi, the protozoan parasite that causes Chagas' disease, or American trypanosomiasis, is endemic in Central and South America as well as in Mexico. Most infected persons, after a mild acute phase, enter the life-long indeterminate phase that is characterized by a lack of symptoms, low parasitemia levels, and antibodies to a variety of T. cruzi antigens. Approximately 10% to 30% of persons with chronic T. cruzi infections, however, develop cardiac or gastrointestinal dysfunction as a consequence of the persistent presence of the parasite. Chemotherapy is parasitologically curative in a substantial proportion of congenitally infected infants and children, but it is largely ineffective in persons with long-standing chronic infections (21) . Roughly 25,000 of the estimated 12 million people in the countries in which the infection is endemic who are chronically infected with T. cruzi die of the illness each year, typically due to cardiac rhythm disturbances or congestive heart failure (10) .
In areas where T. cruzi is endemic, the parasite is transmitted mainly by blood-sucking triatomine insects. Transmission can also occur by transfusion of blood donated by chronically infected persons, and historically in the countries where the parasite is endemic this route of transmission was important prior to the implementation of blood-screening programs (23) . There is no vaccine for preventing transmission of T. cruzi. During the last few decades emigration to the United States from countries where Chagas' disease is endemic has increased markedly. Approximately 13 million such immigrants now live in the United States, and an estimated 80,000 to 120,000 of these persons are infected with T. cruzi (12) . Their presence creates a risk of transfusion-related transmission of the parasite in the United States. Five instances of transfusion-related Chagas' disease have already been reported in the United States, and blood bank authorities agree that a much larger number of undiagnosed cases have occurred (14, 28) . Currently the U.S. blood supply is not screened for T. cruzi, as no blood-screening assay has been cleared by the Food and Drug Administration. Hence, T. cruzi infection is a threat to the U.S. blood supply. T. cruzi can also be transmitted by transplantation of organs obtained from chronically infected persons. Numerous instances of such transmission have been reported in the countries in which the parasite is endemic, and five cases have occurred in the United States (18, 29) .
Laboratory diagnosis of chronic T. cruzi infection is complex. Demonstration of the presence of the parasite by hemoculture or xenodiagnosis is time consuming, insensitive, and expensive. In contrast, serologic assays for antibodies to T. cruzi are well suited for rapid and inexpensive diagnosis of the infection. Conventional tests, such as the indirect hemagglutination assay, indirect immunofluorescence assay, and enzyme-linked immunosorbent assay (ELISA), are used widely in the countries in which the infection is endemic. Most are based on the use of whole or semipurified antigenic fractions from T. cruzi epimastigotes grown in axenic culture. A persistent problem with the conventional assays has been the occurrence of inconclusive and false-positive results (2, 12, 15) . There is no consensus on which parasite antigen preparation is best for detecting antibodies to T. cruzi. The Pan American Health Organization and other expert groups have recommended that donated blood be tested by at least two different methods run in parallel (3, 23) . This approach carries with it an enormous logistical and economic burden for blood banks.
There is a compelling need for a supplemental assay for use in clinical laboratories and blood banks. No assay has been uniformly accepted as the gold standard for the serologic diagnosis of T. cruzi infection. PCR-based assays lack the sensitivity necessary for this role (7) . The radioimmunoprecipitation assay (RIPA), which is a highly sensitive and specific test with easily interpreted results, was developed nearly two decades ago and has been suggested for use as a confirmatory test in the United States (11) . Although the RIPA has been used as a confirmatory assay in more than 20 research projects reported to date (12, 13) , its sensitivity and specificity have not been systematically validated. Moreover, the complexity of the RIPA would make its widespread use outside of research settings difficult (15) .
Several immunoblot assays based on T. cruzi lysates or recombinant antigens (rAgs) have been described previously (20) (21) (22) 27) . None of them have been adopted as a confirmatory test, however, and none are available commercially. In this report we describe an immunoblot assay for detecting antibodies to T. cruzi in which four rAgs, designated FP3, FP6, FP10, and TcF, are used as target antigens (8, 9) . Each of these rAgs is composed of several distinct domains (Table 1) . This assay showed high levels of sensitivity and specificity, and it is potentially suitable for use as a confirmatory test for clinical and blood bank specimens that are borderline or reactive in screening assays.
MATERIALS AND METHODS
Immunostrip preparation. Solutions of human immunoglobulin G (IgG)-high concentration (IgG-H), human IgG-low concentration (IgG-L), and goat antihuman IgG (the three on-board control bands), as well as of FP10, FP6, FP3, and TcF (the four test bands), were jetted onto nitrocellulose membrane sheets (Whatman Schleicher & Schell, Keene, NH) (0.45 micron, 5 by 30 cm) in parallel lines in the relative positions depicted in Fig. 1 , strip 6. After drying, the membrane was blocked with 1% casein in phosphate-buffered saline, washed several times in phosphate-buffered saline, and again air dried. As a final step, the membrane sheet was cut into 4-mm-wide strips. The loading of the proteins was adjusted so that the negative-control specimen (strip 1) did not show any test bands and the positive-control specimen (strip 2) showed four test bands whereas in both cases the three control bands were reactive. A panel of reactive samples (strips 3 to 6) showed one to four test bands in addition to the three control bands.
Control specimens. The negative control was recalcified normal human plasma that tested negative in assays for HBsAg and for antibodies to hepatitis B virus core antigen, hepatitis C virus (HCV), human immunodeficiency virus (HIV), and human T-cell leukemia virus. The T. cruzi antibody-positive control was from Test procedure. Positive-and negative-control specimens were included with each run. Previously frozen serum or plasma samples were processed using a microcentrifuge (12,000 rpm, 5 min) in 1.5-ml Eppendorf tubes prior to testing to remove particulate matter; never-frozen samples were not centrifuged. Diluent (1 ml) and an immunostrip were placed in each trough of an immunoblot reaction tray (Bio-Rad, Hercules, CA) and incubated for 5 min. During each incubation step the contents of the troughs were gently mixed on a rocker. A 20-l sample was added to each trough containing a strip in diluent and incubated at ambient temperature for 2 h followed by aspiration and three washes with a Tris buffer (pH 8.0 20 mM Tris, 0.15% Tween 20, and 0.1% sodium azide). One milliliter of an alkaline phosphatase-conjugated goat anti-human IgG solution was added to each trough. After a 1-h incubation, each trough was aspirated and washed three times. Following this, 0.7 ml BCIP-Nitro Blue tetrazolium substrate solution (5-bromo-4-chloro-3-indolylphosphate-Nitro Blue tetrazolium; Sigma-Aldrich, St. Louis, MO) (1 tablet in 20 ml distilled water) was added to each well and incubated at ambient temperature for 10 min for color development. This was followed by aspiration and three washes with distilled water to stop color development. Subsequently, the strips were removed from the troughs and air dried for visual reading. The total assay time was about 4 h.
Interpretation of test results. T. cruzi antibody reactivity in a test specimen is determined by visual comparison of the intensities of the four test bands with the intensities of the two IgG control bands at the top of the strip, using a scale of 0 to 4ϩ. The reading is defined as 0 when no band is visible, and the intensities of the IgG-L and IgG-H control bands are defined as 1ϩ and 3ϩ, respectively. With these landmarks in mind, a test band with an intensity result comparable to that seen with the human IgG-L control would be deemed 1ϩ; a band with intensity between that of the IgG-L control and that of the IgG-H control would be rated 2ϩ; a band with intensity comparable to that of the IgG-H control would be judged 3ϩ; and a band intensity higher than that of the IgG-H control would be called 4ϩ. Finally, a faint band with intensity weaker than that of the IgG-L control would be rated Ϯ.
Other serologic assays. The PRISM Chagas' disease assay was performed as described previously (5, 24) with the cutoff set as the mean chemiluminescence reading (in relative luminescent units) of a negative calibrator ϩ (0.13 ϫ the mean relative luminescent unit reading of a positive calibrator). ELISA-I and ELISA-II were performed as described in the package inserts. The cutoff is set as 0.35 ϫ (the mean A 450 reading of a positive control ϩ the mean A 450 reading of a negative control) in ELISA-I; and the cutoff is set as the mean A 450 reading of a negative control ϩ 0.3 in ELISA-II. The RIPA was carried out as outlined earlier (11, 12) , and all RIPA testing was done in blinded fashion. Table 2 ). All of the specimens were positive in two or three conventional T. cruzi immunoassays (indirect hemagglutination assay, indirect immunofluorescence assay, and ELISA) and also in the RIPA.
Random donor population. A total of 500 specimens (sera [n ϭ 150] and EDTA plasma [n ϭ 350]) from randomly selected donors were obtained from the Gulf Coast Regional Blood Center (Houston, TX). These unlinked specimens were collected from random donors, and no specimens were eliminated from this group because of positive results in any of the six routine tests done on donated units. All specimens were tested within 10 days of collection in both the immunoblot assay and the PRISM Chagas' disease assay, which also is currently under development (5) . All reactive samples with signal-to-cutoff-ratio (S/CO) values of 0.90 or greater in the PRISM Chagas' disease assay were tested in ELISA-I, ELISA-II, and RIPA.
Potentially problematic specimens. A total of 271 archived serum or plasma specimens, serologically positive for other diseases or containing potentially interfering substances, were run in the immunoblot assay. This group included specimens from persons with cytomegalovirus infection (n ϭ 4), Epstein-Barr virus infection (n ϭ 14), hepatitis A virus infection (n ϭ 10), helminth or intestinal protozoan infection (n ϭ 5), HIV infection (n ϭ 10), herpes simplex virus infection (n ϭ 15), leprosy (n ϭ 15), rubella (n ϭ 10), syphilis (n ϭ 10), toxoplasmosis (n ϭ 5), tuberculosis (n ϭ 3), Saccharomyces cerevisiae infection (n ϭ 10), varicella-zoster virus infection (n ϭ 10), hemolysis (n ϭ 20), hyper-IgG (n ϭ 10), hyper-IgM (n ϭ 10), hyperbilirubinemia (n ϭ 10), hypertriglyceridemia (n ϭ 15), influenza virus vaccination (n ϭ 15), multiple myeloma (n ϭ 15), multiple sclerosis (n ϭ 5), rheumatoid factor (n ϭ 15), human anti-mouse antibodies (n ϭ 15), systemic lupus erythematosis (n ϭ 11), and leishmaniasis (n ϭ 9). The specimens were purchased from various vendors, including New York Biologicals (New York, NY), ProMedDx (Norton, MA), Boston Biomedica, Inc., and Teragenix. These 271 samples were tested in the immunoblot assay and the prototype PRISM Chagas' disease assay. All specimens that were repeatedly reactive in the latter were tested in the ELISA-I and ELISA-II and then confirmed further with RIPA.
RESULTS
Typical results obtained with the prototype immunoblot assay are shown in Fig. 1 , where the locations of the three on-board control bands and the four rAg test bands are clearly evident. All 345 T. cruzi antibody-positive specimens showed two or more test bands in the immunoblot assay, and the distribution in terms of the number of bands that appeared on each strip is shown in Fig. 2 . A total of 277 of these specimens a The blood donors from whom these specimens were obtained were probably Hispanic.
VOL. 14, 2007 IMMUNOBLOT ASSAY USING RECOMBINANT ANTIGENS 357 showed four test bands, 60 showed three bands, and 8 showed two bands; of note, none showed a single band or was entirely negative. Most test bands with the positive samples showed intensity equal to or higher than that of the IgG-L control band (1ϩ). Moreover, all 345 specimens were reactive in the PRISM Chagas' disease assay and in ELISA-II. In contrast, 6 of the 272 specimens in this group of 345 that were tested in ELISA-I gave negative results, although all 6 had above-baseline S/CO values ranging from 0.60 to 0.89 (Table 3) . These discordant samples were confirmed as weak positives in RIPA and showed two or three test bands in the immunoblot assay, with at least one band intensity of 1ϩ or higher. Due to the lower detection level of ELISA-I observed in testing the first 272 positive specimens, we dropped ELISA-I from further sensitivity comparisons with other assays of newly acquired chagasic samples, although we did continue to use it to cross-check repeatedly reactive samples from the PRISM Chagas' disease assay. The 500 random donor specimens were tested in the immunoblot assay and also in the prototype PRISM Chagas' disease assay. In the immunoblot assay, one specimen gave a single 1ϩ test band and two others showed a faint (Ϯ) test band. None of these samples was reactive in the PRISM Chagas' disease assay or in either of the two ELISAs; hence, they were not sent for RIPA. In view of the negative results obtained with these three specimens in the three comparison assays, the limited reactivity seen in the immunoblot assay would appear to be nonspecific.
Of the 271 specimens with various disease states or potentially interfering substances tested in the immunoblot assay, 265 showed no test bands, 4 gave a single 1ϩ band, and 2 showed three test bands. The four specimens with a single test band were nonreactive in the PRISM Chagas' disease assay. However, both specimens showing three test bands were also reactive in the PRISM Chagas' disease assay, ELISA-I, and ELISA-II and were confirmed as positive in the RIPA (Table  4 ). Of note, as shown in the table, three specimens that gave S/CO values above 0.90 in the PRISM Chagas' disease assay were not confirmed by RIPA and showed no test bands in the immunoblot assay.
Based on the results obtained by testing these three groups of specimens, which totaled 1,116, we propose the following scheme for interpreting the patterns of test bands that appear on the immunostrips: (i) no band or a single band ϭ a negative result; (ii) two or more bands of which at least one band shows an intensity of 1ϩ or higher ϭ a positive result; and (iii) multiple faint bands (Ϯ) ϭ an indeterminate result (Fig. 3) .
When this scheme is applied to the patterns of test bands obtained with the 345 T. cruzi antibody-positive specimens, all are deemed positive, thus giving a sensitivity of 100% (345/ 345). With the 500 random donor specimens, 497 showed no test bands, two showed a single 1ϩ band, and 1 showed a faint band (Ϯ); thus, all are negative results, and the resolved specificity was 100% (500/500). Finally, based on the proposed interpretation scheme, the immunoblot assay showed a resolved specificity of 100% (269/269) in the 271 specimens with disease states or interfering substances.
During the development of the PRISM Chagas' disease assay (5), we tested approximately 39,000 unlinked serum and plasma specimens from U.S. random donors and archived 19 Table 5 ). Three of these four specimens showed three or four test bands in the immunoblot assay and thus were interpreted as positive. The fourth specimen in this group, specimen 5060, could not be tested in the immunoblot assay because it was depleted before development of the latter was begun. The remaining 15 PRISM Chagas' disease assay-reactive specimens, most of which had relatively low S/COs, were all negative by RIPA (Table 6 ). All were negative in ELISA-I; of note, two were reactive and two were in the gray zone in ELISA-II. In the immunoblot assay, 8 of these 15 specimens showed no test bands and the other 7 showed a single band; included among these was specimen 1660, which showed a single FP3 band (strip 3 in Fig. 1 ). Thus, all 15 were resolved as representing negative results when the interpretation scheme proposed above was applied. Another 2,500 specimens were tested during in early development of the immunoblot assay; two specimens (specimens 161 and P91; Table 5 ) were identified as positive. These two specimens were reactive in the PRISM Chagas' disease assay, ELISA-I, and ELISA-II; the results were confirmed by RIPA.
DISCUSSION
Serologic testing for specific antibodies to T. cruzi antigens is the most commonly employed approach for diagnosing chronic infection with this protozoan parasite in clinic patients as well as in blood donors. As is the case with many commonly used tests for antibodies to other infectious agents, serological assays for T. cruzi infection occasionally give false-positive, falsenegative, and inconclusive results. No assay has been universally accepted as the gold standard for the serologic diagnosis of T. cruzi infection, and likewise no assay is viewed as a definitive confirmatory test. Thus, as mentioned above, there is a persistent need for a supplemental assay that would serve as the second stage of an accurate two-stage process for diagnosing chronic T. cruzi infection.
Immunoblotting has been used successfully as a technical approach for confirming the presence of antibodies to several infectious agents, such as HIV (17) , Borrelia burgdorferi (Lyme borreliosis) (1), and HCV (25) . Although the visual scoring of band intensity in immunoblot assays may be somewhat subjective and may also differ a bit from person to person, assays of this type are widely accepted as confirmatory tools. Immunoblot assays have also been studied as supplemental tests for antibodies to T. cruzi. Some years ago an immunoblot assay based on a T. cruzi protein antigen fraction from epimastigotes bound to a nitrocellulose membrane was proposed as a supplemental test for diagnosis of Chagas' disease (19) . A similar role has been proposed for an immunoblot assay based on a trypomastigote excreted-secreted antigen fraction produced in cultures of T. cruzi-infected mammalian cells (4, 27) . The biohazard inherent in manipulating cultures of live parasites and the difficulty of producing these complex antigen mixtures with lot-to-lot consistency are major disadvantages of assays based on antigens from culture such as these two. To our knowledge, neither of these assays is being developed commercially.
The use of synthetic peptides and recombinant proteins as target antigens in diagnostic assays such as immunoblotting is an alternative to the use of native antigens. A major advantage of this approach is that with today's technologies, relatively large amounts of these compounds can be produced in highly purified form, and this facilitates the production of testing materials that give consistent performance. General inferences that can be drawn from studies reported to date are that T. cruzi antibody tests based on recombinant proteins can be more specific than those based on mixtures of native antigens derived from parasite lysates and that assays based on an antigenically diverse group of recombinant proteins can have high levels of sensitivity (5, 6, 9, 20, 22, 26) .
The use of synthetic peptides and recombinant antigens in strip formats for Chagas' disease diagnosis has been described previously (16, 20, 22) . This approach is attractive from a manufacturing perspective, because the antigens can be applied onto a protein-absorbing membrane quickly and in a highly controlled manner. One test in this group that merits comment is the INNO-LIA Chagas' disease antibody assay (20, 22) , which consists of seven T. cruzi single-domain test bands on a plastic strip. The fact that only seven distinct recombinant antigens are present on the strip could be a limiting factor in terms of its sensitivity, but at the same time having seven test bands complicates the interpretation protocol.
By contrast, the Abbott immunoblot Chagas' disease assay described here presents 14 distinct antigenic domains, including repetitive as well as nonrepetitive segments, in only four test bands (Table 1 ). This arrangement holds the potential for markedly reducing the risk of false-negative reactions while at the same time allowing for the simple interpretation scheme presented in Fig. 3 . This protocol was developed by analyzing the results obtained by testing in our immunoblot assay the three groups of positive and negative specimens described above. It is noteworthy that these results indicate clearly that reactivity in two test bands is required for a positive interpretation. The adoption of an interpretation scheme in which two reactive test bands are required for confirmation of the presence of anti-T. cruzi antibodies is in line with the interpretation of the Western blots used to confirm HIV (17) and Lyme borreliosis (1) and with the recombinant immunoblot assay for antibodies to HCV (25) , all three of which require more than one reactive test band for confirmation of positivity. Despite the fact that visual scoring of band intensity in immunoblot assays may be somewhat subjective and may also differ a bit from person to person, assays of this type are widely accepted as confirmatory tools.
Several aspects of the results obtained with the Abbott immunoblot Chagas' disease assay merit comment. As indicated, in the group of 345 specimens known to be positive for antibodies to T. cruzi the sensitivity of the assay was 100%. This result was particularly noteworthy given the geographic diversity of the specimens (Table 2 ) and the fact that there was no preselection for high titers. All specimens in this group were reactive in the PRISM Chagas' disease assay and the recombinant ELISA-II, but 6 of the 272 specimens tested in the lysate-based ELISA-I gave negative results. All six gave weak positive results in the RIPA, and these results support the idea that a broad range of reactivity with T. cruzi antigens was present in the group of 345 positives and that the immunoblot assay is capable of detecting low-titer positives.
In the two groups of presumably T. cruzi antibody-negative specimens, the specificity of the immunoblot assay was 100% when the interpretative scheme presented in Fig. 3 was applied. The 500 random donor specimens from Texas, all of which were negative in the immunoblot assay, were also negative in the PRISM Chagas' disease assay and the two ELISAs and thus were not tested in the RIPA. The results obtained by testing the 271 potentially cross-reacting specimens were interesting. Two Brazilian specimens, from a patient with leprosy and a patient with an intestinal protozoan infection, were positive in the immunoblot assay (three test bands) and were also clearly positive in the other assays, including RIPA, thus suggesting that they represent true positives ( Table 4) . The results obtained with three U.S. specimens in this group merit comment. They were reactive in the PRISM Chagas' disease assay, and one was reactive by ELISA-II, but all were negative in ELISA-I and RIPA. Importantly, none showed any test bands in the immunoblot assay, thus suggesting that the latter is a useful tool for resolving specimens that are discordant in other assays. Overall, the resolved specificity of the immunoblot assay in this challenging group of specimens was 100% (269/269).
Study of a final group of specimens also sheds light on the usefulness of the immunoblot assay as a confirmatory test. As explained above, in previous studies of approximately 42,000 unlinked U.S. random donors, 21 specimens were originally reactive in either the PRISM Chagas' disease assay or the immunoblot assay. Six of the samples in this group were globally positive, and the five for which there was sufficient volume remaining were clearly positive in the immunoblot assay, showing three or four test bands (Table 5 ). More interesting are the results obtained with the other 15 in the PRISM Chagas' disease assay ( Table 6 ). As shown in that table, all these specimens had relatively low S/CO values in the PRISM Chagas' disease assay and were somewhat reactive but ultimately negative in the ELISA-I. Four of the 15 were reactive in ELISA-II. Importantly, all 15 were negative in the RIPA, and again it merits mention that all RIPA testing was done in blinded fashion. Finally, all 15 were also negative in the immunoblot assay. As is evident in the table, about half of the specimens showed some reactivity, but none gave positive results when the interpretation scheme portrayed in Fig. 3 was applied. Taking into consideration that these 15 specimens were perhaps the most challenging in the total group of 42,000 tested, it is truly impressive that they were all resolved by the immunoblot assay in a manner that was 100% concordant with the results of the RIPA. In conclusion, these findings and those generated by testing the other groups of specimens studied in this project strongly support the concept that the Abbott immunoblot assay holds the promise of fulfilling the need for an accurate test for the serological confirmation of chronic T. cruzi infection.
